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of IL-8 in Pulmonary Epithelium *
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Rhinoviruses are important respiratory pathogens implicated in asthma exacerbations. The mechanisms by which rhinoviruses
trigger inflammatory responses in the lower airway are poorly understood, in particular their ability to infect the lower airway.
Bronchial inflammatory cell (lymphocyte and eosinophil) recruitment has been demonstrated. IL-8 is a potent proinflammatory
chemokine that is chemotactic for neutrophils, lymphocytes, eosinophils, and monocytes and may be important in the pathogenesis
of virus-induced asthma. Increased levels of IL-8 have been found in nasal samples in natural and experimental rhinovirus
infections. In these studies we therefore examine the ability of rhinovirus to infect a transformed lower airway epithelial cell line
(A549) and to induce IL-8 protein release and mRNA induction. We observed that rhinovirus type 9 is able to undergo full viral
replication in A549 cells, and peak viral titers were found 24 h after inoculation. Rhinovirus infection induced a dose- and
time-dependent IL-8 release up to 5 days after infection and an increase in IL-8 mRNA expression that was maximal between 3
and 24 h after infection. UV inactivation of the virus completely inhibited replication, but only reduced IL-8 protein production
and mRNA induction by half, while prevention of virus-receptor binding completely inhibited virus-induced IL-8 release, sug-
gesting that part of the observed effects was due to viral replication and part was due to virus-receptor binding. These studies
demonstrate that rhinoviruses are capable of infecting a pulmonary epithelial cell line and inducing IL-8 release. These findings
may be important in understanding the pathogenesis of rhinovirus-induced asthma exacerbations. The Journal of Immunology,
1998, 160: 6172—6181.

pathogens, causing the majority of common colds and theus infections are largely unknown. Increased levels of IL-1, -6,

complications of otitis media, sinusitis, and bronchitis. and -8 have been demonstrated in nasal washings taken from sub-
Recent studies have also highlighted the importance of this virugects with experimental rhinovirus infection (10-12), IL-11 has
type in the induction of exacerbations of asthma. Three recenbeen detected in nasal aspirate samples from infants and young
studies have provided evidence that rhinoviruses are associategildren with symptoms of upper respiratory tract infection, some
with the majority of exacerbations of asthma in both adults andof whom had wheeze (13), and we have also recently demonstrated
children, both in the community (1, 2) and in more severe exacincreased levels of IL-8 and the neutrophil product myeloperoxi-
erbations requiring hospital admission (3). dase in nasal aspirates from children with wild-type rhinovirus

The biology of rhinovirus infections remains poorly understood. infections (14). IL-8 is a potent neutrophil chemoattractant and

Rhinoviruses infect nasal epithelial cells (4) and cause a local inyctivator. An important role for IL 8 in controlling neutrophil-
fllmmatory response associated with the production of kinins (Spediated inflammation in rhinovirus infection was suggested by
and, in atopic subjects, histamine (6). The nature of the nasal Myne finding of close correlations between the nasal aspirate IL-8

cosal cellular immune response to rhinoviral infection is poorly 54 myeloperoxidase levels and between myeloperoxidase levels
defined (7), although increased numbers of neutrophils, eosinas,g upper respiratory symptom severity (14).

phils, and lymphocytes have been demonstrated in nasal secretionsy,,cn less is known about the lower airway response to rhino-
in rhinovirus infections (8, 9). The cytokines implicated in the \; .| infection in normal subjects; indeed, there has been consid-
erable debate over whether rhinoviruses can infect the lower air-
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and "University Medicine, University of Southampton, Southampton General Hospi-.rh first f d evid f rhi . licati in | .

tal, Southampton, United Kingdom e first found evidence of rhinovirus replication in lower airway
lavage cell populations (16), and the second found a marked

R hinoviruses are the most common upper respiratoryrecruitment and activation of these inflammatory cells in rhinovi-
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role for IL-8 is suggested by the recent demonstration of a correusing RNAstat (Tel-Test B, Friendswood, TX) according to the manufac-
lation between IL-8 nasal lavage levels and increases in bronchid¥rer's instructions. RNA was resuspended in 25 to8Mf water and
hyper-reactivity induced by rhinovirus experimental infections duantitated by absorbance at 260 nm.

. . . The RNA (10ug in each lane) was fractionated on a 1.5% denaturing
(12). Furthermore, IL-8 has been implicated in lymphocyte che-;qarose gel containing 2.2 M formaldehyde (Zcherichia col23S and

motaxis in vitro (20) and in eosinophil chemoattraction and acti-16S ribosomal RNA were run as m.w. markers. Equal RNA loading was
vation in vivo and in vitro (21, 22). confirmed by ethidium bromide staining of 28S and 18S ribosomal RNA.

Given the putative important role of IL-8 in virus-induced _ A 350-bp IL-8 cDNA probe complementary to part of the IL-8 mRNA

. . . . B’ noncoding region was generated byBeoR| digest of pGEM3Z, pro-
asthma exacerbations and the recent demonstration that rhlnowr@%ed by Joost J. Oppenheim (National Cancer Institute, Frederick, MD).

infection stimulates the release of IL-8 from the transformed bron-probe (100 ng) was labeled using the BRL (Gaithersburg, MD) random
chial epithelial cell line BEAS 2B (23), we have evaluated the primer DNA labeling system, and 1@ of [«-*2P]CTP (DuPont-New En-
ability of rhinovirus to infect a pulmonary epithelial cell line gland Nuclear, Boston, MA) following the manufacturer’s instructions.
(A549) and have investigated the mechanisms of release of ”__8Unbound nucleotides were removed using a Sephadex G-50 column. The

We f dl d ducti but tolvtic. rhi . .~ "RNA was transferred to GeneScreen Plus (New England Nuclear, Boston,
€ Tound low grade productive, but noncytolytc, rninovirus in- MA) as recommended by the manufacturer and then UV cross-linked to the

fection of the eplthellum that caused a prolonged release of |L'8’|y|on membrane. Membranes were prehybridized&d in 50%form-
protein and up-regulation of IL-8 mRNA. The induction of IL-8 amide 1 M NaCl, 10% dextran, 1% SDS, 0.05 M Tris, and Denhardt’s
was only partially dependent on viral replication. solution. Hybridization was conducted overnight in fresh solution also con-
taining 100ug/ml salmon sperm DNA (Sigma, St. Louis, MO) at 42°C
- with [a-32P]-labeled probe. Hybridized membranes were washed twice in
Materials and methods 1X SCC at room temperature for 5 min, twice ixX1SCC/0.1% SDS at
Cell culture 65°C for 30 min, and once in 0L SCC at room temperature for 15 min.

A549 cells, a transformed alveolar epithelial cell line (24), were obtainedAUtoradIOgraphy (XAR Kodak film, Sigma) was performed-&10°C.

from American Type Culture Collection (ATCC, Rockville, MD). Cells
were split twice weekly. Ohio HeLa cells were obtained from the Medical
Research Council Common Cold Unit (Salisbury, U.K.) and were split
Weeklyy. Both cell _I|nes were cuIturgd at 37°C in 5% carbon _d|OX|de iN YV light inactivation of virus was accomplished by exposure to 1200
Eagle’s MEM. All tissue culture media (Cancer Center, University of lowa, cy2 (v [ight for 30 min. Confirmation of inactivation was conducted by
lowa City, IA) contained 10% heat-inactivated FBS (HyClone, Logan, microtiter plate assays using the methods described above.

UT), 4 mM L-glutamine, and 8Qug/ml of gentamicin. Inactivation of the virus was also investigated by determination of new
viral protein synthesis by*fS]methionine incorporation and immunopre-
cipitation as follows. Live virus and UV-inactivated virus were inoculated
Rhinovirus serotype 9 was obtained from the Medical Research Councipnto 10 Ohio HelLa cells at an MOI of 1. After 30-min adsorption, 10 ml
Common Cold Unit, and its identity was confirmed by neutralization with of 10% MEM was added, and cells were incubated in 5%, @037°C.
specific antiserum (ATCC) (25). Rhinovirus type 9 was used for all studiesAfter 6 h of incubation, the medium was replaced by methionine-free me-
described and was propagated in large quantities in Ohio HeLa cells. Aftedium (Sigma). Thirty minutes later3S]methionine (DuPont-New En-
development of a full cytopathic effect, the virus was harvested, clarified gland Nuclear) was added to a final concentration of&@/ml. Incubation
aliquoted, and frozen at70°C. The viral titer, determined as described was continued for 2 h, and the culture was then placed on ice. After being
below on a thawed vial of the stored frozen aliquots, was 2P tissue washed three times, cell pellets were collected and suspended in 1 ml of
culture infective doses 50% (TCLR)*/ml. For all experiments, a new vial lysis buffer (1% Triton X-100 in PBS). Lysates were stored in 280-

of virus was rapidly thawed at 37°C and was used immediately at a mulaliquots at—70°C for immunoprecipitation. Immunoprecipitation was per-

Rhinovirus inactivation

Viruses

tiplicity of infection (MOI) of 1, except where indicated. formed on a 25Q:l lysate aliquot, which was thawed, and an additional
) o 750 pl of lysis buffer was added. Lysates were then sonicated and incu-
Virus titrations bated at 4°C for 10 min. To reduce nonspecific binding 5®f Staph

protein A/Sepharose Fast Flow (Sigma) was added, and lysates were agi-
tated at 4°C for 1 h, protein A/Sepharose was pelleted at 12,000 rpm in a
microfuge for 1 min, and supernatant was removed. The protein A/Sepha-
rose/polyclonal Ab complex (prepared by addingl5of guinea pig poly-

lonal anti-rhinovirus type 9 Ab (ATCC) to 100l of Staph protein A-

Rhinovirus titers were determined in Ohio HelLa cell monolayers in 96-
well microtiter plate assays; 128 of 5% MEM was added to each well,
followed by 100ul of HeLa cells in 5% MEM at 3x 10°/ml. The plates
were cultured in 5% CQat 37°C. When confluent (24-48 h), 28 of
e o Sephaose and agtatng a room ferperature for 2 ) asthen aced o e
was determined by visual assessment and by assessment of the continuj gpernatant, and agitation was continued at 4°C overnight. After overnight

of the monolayer after fixation in methanol and staining with 0.1% crystalI ubation, pellets were washed three times in PBS, angl%fi sample
violet. TCIDg, values were computed as previously described (25) buffer (24% glycerol, 5% SDS, 12%-ME, 0.001 M bromophenol blue,
: 50 P P y : and 1.5 M Tris-HCI pH 6.8) was added. The solution was heated at 95°C

Measurement of IL-8 protein for 2 min and centrifuged, and the Staph protein A/Sepharose pellet was
removed. Supernatant was loaded onto a 10% SDS-PAGE gel and elec-
A549 cells were cultured at X 10°ml in 2 ml of medium in 12-well  trophoresed at 30 mA. Gels were fixed in 40% methanol, 10% acetic acid,
plates. After 24 h (when 80% confluent), virus at an MOI of 1 or control and 3% glycerol for 1 h, then in EnHance (DuPont-New England Nuclear)
medium was added, and incubation was continued for 6, 24, 48, 72, 96, anfdr 1 h, and washed for 30 min in water. The gel was dried, and autora-
120 h. Dose-response studies were conducted using 10-fold dilutions afiography was performed.
virus stock and were harvested at 24 h. The effect of UV- and soluble Rhinovirus inactivation was also performed by precoating the virus with
ICAM-1 (sICAM)-inactivated virus was studied at 24 and 120 h. Super- soluble receptor to occupy all the receptor binding sites on the virus cap-
natants were harvested and stored in aliquots Z2°C. IL-8 protein was  sids. Virus stock solutions were preincubated with recombinant sICAM-1
measured by specific ELISA (R&D, Minneapolis, MN). The sensitivity of (donated by P. Esmon, Bayer Corp, Berkeley, CA) at a concentration of 1
the assay was 4.7 pg/ml. mg/ml for 30 min at room temperature. Confirmation of inactivation was

. conducted by microtiter plate assays using the methods described above.
Measurement of IL-8 mRNA by Northern analysis Y P Y 9

A549 cells were cultured for 18 h in 100-mm plates, and then virus was_ L
added at an MOI of 1. Cells were harvested at 1, 3, 6, 24, 48, and 96 HRhinovirus infectivity in A549 cells
Experiments were repeated between three and five times for time points

to 24 h and twice for the 48 and 96 h points. Whole cell RNA was extralctegl{:‘?hmov'rus titrations. A549 cells were cultured at 2 10°ml in 2 ml of

medium on 12-well plates, and when 80% confluent, cells were inoculated
with rhinovirus at an MOI of 1. After 30 min of incubation at room tem-

4 Abbreviations used in this paper: TCJD tissue culture 50% infective dose; MOI,  Perature to allow virus attachment, cells were washed three times, and fresh
multiplicity of infection; CPE, cytopathic effect; sSICAM, soluble intercellular adhe- Medium was added. Supernatants were harvested at 6, 24, 48, and 72 h and
sion molecule; NBF, neutral buffered formalin. stored at—70°C. Rhinovirus titers were determined using microtiter plate
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assays as described previously (25), including rhinovirus type 9 neutraliz- 10 1 A
ing antiserum (ATCC) to confirm the identity of the virus particles pro-
duced as rhinovirus type 9. Cultures were observed and stained with crystal
violet to detect virus-induced CPE. 8 -
Rhinovirus genomic and replicative strand RNA analysis by RT-PCR.
A549 cells were cultured at X 10%ml in 2 ml of medium on 12-well
plates and, when 80% confluent, were inoculated with rhinovirus at an'g"
MOI of 1. After 30 min of incubation at room temperature to allow virus &
attachment, cells were washed three times, and fresh medium was adde&
Supernatants were then harvested immediately and at 6, 24, 48, 72, 96, anugl
120 h and stored at 70°C. Total RNA was extracted from 5@-aliquots 4 47
of supernatant using Tryzol (Life Technologies) according to the manu-—
facturer’s instructions. Rhinovirus genomic (positive) and replicative (neg-
ative) strand RNAs were detected using RT-PCR and internal probe hy- 2
bridization as previously described (27). For genomic strand RT-PCR, the
primer OL27 was used for the RT step, and PCR was conducted as pre-

viously described (27), except that the probe hybridization was conducted 0 T T T r r
using nonisotopic labeling with the Amersham ECL kit (Amersham, 1 0.1 0.01 0.001 Control
Aylesbury, U.K.) according to the manufacturer’s instructions. For the rep- Virus inoculum (m.o.i.)

licative strand RT-PCR, identical methods were used, except that the

primer used for the RT step was OL26 (27). 25 B

Intracellular rhinovirus replication analysis by in situ hybridization

A549 cells were cultured in 100-mm plates and, when 80% confluent, were
inoculated with rhinovirus at an MOI of 1. After 30 min of incubation at
room temperature to allow virus attachment, cells were washed three times,
and fresh medium was added. Cells were then harvested by gentle scraping
immediately and at 6 and 24 h. Cells were washed in PBS and fixed in’E‘
neutral buffered formalin (NBF) fol h at4°C. Cells were then washed 3 **]
three times in PBS and resuspended in 0.2-ml clots of human plasma (4)¢
Cell clots were fixed in NBF for 24 h and embedded in paraffin wax blocks.
Five-micron sections were hybridized with 200 ng/ml of a mixture of four : 10 1
conserved rhinovirus-specific probes (28). The probe sequences used were:
PB4, CAG GGG CCG GAG GAC TCA AGA TGA GCA CAC GCG GCT;

PB5, TGC AGG CAG CCA CGC AGG CTA GAA CTC CGT CGC CG; 5

PB6, ACA CGG ACA CCC AAAGTAGTT GGT CCC ATC CCG CAA;

and PB7, ACA TCC TTA ACT GGG TCT GTG AAT TTA CTG o —

GGG TCT' 0 ?'/‘I' -;. L} T L}

Rhinovirus new protein synthesisRhinovirus new viral protein synthesis 6 24 48 72 96 120

in A549 cells was assessed by$]methionine incorporation and immu-
noprecipitation as described above. Live virus was inoculated onto 10
'?‘]549 CEIfIS at andMOI of 1, andf |ncutzja;|onzs W|t§?§irr;ethlon|ne INMe- FIGURE 1. A, Dose-response of rhinovirus type 9-induced IL-8 protein
thionine-free medium were performed for 2 an : release from A549 cells. IL-8 was measured by ELISA in supernatants

Viability of rhinovirus-infected A549 cells.A549 cells were cultured in L . . ;
100-mm plates and when 80% confluent were inoculated with rhinovirus af @™ A549 epithelial cells cultured with medium alone (control) or with

an MOI of 1. After 30 min of incubation at room temperature to allow virus "hinovirus type 9 at doses ranging from 0.001 to 1 MOI. Supernatants were
attachment, cells were washed three times, and fresh medium was adddgrvested for analysis at 248, Time course of rhinovirus type 9-induced
The medium was then removed from infected and control noninfected cell$L-8 protein release from A549 cells. IL-8 was measured by ELISA in
at various time points. Detached cells in the supernatant were countedupernatants from A549 epithelial cells cultured with medium alone (open
attached cells on the plates were trypsinized and then counted, and trypaguares) or with rhinovirus type 9 at an MOI of 1 (closed squares). Su-
blue exclusion was determined to assess viability. For viability, 300 cellspernatants were harvested for analysis at 6, 24, 48, 72, 96, and 120 h
were counted after incubation with trypan blue for 5 min, and a ratio of y,gtinoculation. Data are the meanSEM of three separate experiments.
living to dead cells was derived. Rhinovirus type 9 induced a significantly greater release of IL-8 compared
with control release at all time pointg (< 0.001).

Time (hrs)

Statistical analysis

Data are expressed the mearSEM. Testing for significance in the time-
course studies was performed using two-way repeated measures analysis ofWe then investigated the time course of release of IL-8 from

variance, followed by Student's pairddtest at each time point. Other - A549 cells in response to rhinovirus. A549 pulmonary epithelial
gg?s‘i’ggrse%”;;ﬁ;g ;rftr_‘d“ded using Student's paitest.p = 0.05Was o5 were cultured to 80% confluence in 12-well tissue culture
plates and incubated with rhinovirus type 9. Supernatants were
then harvested at various time points and assayed for IL-8. There
Results ) o was a time-dependent release of IL-8 in response to rhinovirus. As
IL-8 release in response to rhinovirus shown in Figure B, IL-8 release was already elevated above the
To determine whether IL-8 protein was released from A549 cellscontrol value &6 h and continued to increase until 120 h. Cultures
in response to rhinovirus in a dose-response manner, A549 pulere not continued beyond 120 h.
monary epithelial cells were cultured to 80% confluence in 12-well
tissue culture plates and incubated with 10-fold dilutions of rhi-
novirus type 9 for 24 h. Supernatants were then harvested an@lo determine whether the observed IL-8 protein release induced
assayed for IL-8. As shown in Figuré\1the pulmonary epithelial by rhinovirus was accompanied by increased expression of IL-8
cell line released IL-8 in a dose-dependent manner in response TMRNA, we investigated IL-8 mMRNA induction by rhinovirus using
rhinovirus. An MOI of 1 produced the greatest IL-8 release; stud-Northern analysis. A549 epithelial cells were cultured in 100-mm
ies were not conducted at higher MOls to determine whether thisissue culture plates. Rhinovirus type 9 was added, and RNA was
was maximal. All additional experiments were performed at thisharvested at 1, 3, 6, 24, 48, and 96 h. Northern blot analysis was
dose of virus. performed to detect the presence of IL-8 mRNA. The time course

IL-8 mRNA induction in response to rhinovirus
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FIGURE 2. Time course of rhinovirus type 9-induced IL-8 mRNA ex- iz ==
pression in A549 cells. Representative Northern blot analysis of IL-8 < 30kDa
mRNA (1.8 kb) in A549 epithelial cells incubated with rhinovirus type 9 o v
(RV) at an MOI of 1. RNA was harvested for analysis at 1, 3, and 24 h. —
Rhinovirus induced increased expression of IL-8 mRNA in A549 cells,
which was clearly visible at 1, 3, and 24 h after inoculation. p—
Con RV RV
uv

of IL-8 mRNA induction in response to rhinovirus type 9 up to FIGURE 3. Effect of UV inactivation on rhinovirus type 9 replication
24 h is shown in Figure 2. A consistent response to rhinovirus typgnew protein synthesis) in Ohio HeLa cells. Newly synthesiZeghlabeled

9 was noted, with a detectable increase in mRNA B and a peak ~ rhinovirus type 9 proteins were produced during a 2-h incubation with
between 3 and 24 h. Induction of IL-8 mMRNA expression in re- [fSS]methionine in methiqnine-free med'ium, condu?cﬁeh _after_inocula-
sponse to rhinovirus was still present at 48 h, although reducedon of Ohio HelLa cells with control mediuniane 1), live rhinovirus type

compared to that at earlier time points. No induction was detecteg (lane 2)’. or qv-ma_cnvated _r_hmokus type g%ne 9. Following im- .
munoprecipitation with specific polyclonal antiserum, labeled proteins
at 96 h (data not shown).

were run on an SDS-page gel. The gel was then dried and autoradio-
graphed. Newly synthesized virus capsid proteins (principally VP1 and
VP3, identified on theeft sidg are shown inane 2 (live rhinovirus type

As the rhinovirus replicative cycle is thought to bed6& h (29),  9), but not inlane 1 (medium alone) or ifane 3 (UV-inactivated rhino-

we wished to investigate whether the observed induction of IL-8virus type 9).

protein was a response to virus replication or to virus-receptor

binding triggering intracellular signaling pathways. To investigate

this, we used two methods of inactivation of rhinovirus: UV in- . . . ) )
activation to abolish rhinovirus replication and precoating the virus 1€ UV-inactivated virus also resulted in less IL-8 mRNA in-

with solubilized receptor (SICAM-1) to prevent virus receptor duction at 24 h than live virus, and medium alone induced less
binding (30). MRNA than either live or inactivated virus (Fig. 5). Again, the

UV-inactivated virus produced approximately half the signal of the
[jjve virus.

Inactivation of rhinovirus

Confirmation of UV and sICAM inactivation of rhinovirus type
9 was conducted in microtiter plate titration assays as describe
above. In the titration assays, the titer of stock rhinovirus type 9
was 2X 10° TCIDg4/ml, while that of inactivated virus by either
method was zero, with no CPE observed even with undiluted in-
activated virus stocks. W Control
Inactivation of virus protein synthesis by UV light was also @ Rv
confirmed by immunoprecipitation 6t°S-labeled newly synthe- 8 wrY
sized viral proteins produced in Ohio HelLa cells. Untreated rhi-
novirus type 9 demonstrated active new virus protein synthesis g
between 6 ath 8 h after virus inoculation (Fig. 3ane 2), while ]
there was a complete absence of new viral protein synthesis with ™~
UV inactivated rhinovirus type 9 (Fig. 3ane 3).

IL-8

IL-8 release and mRNA induction in response to inactivated
rhinovirus type 9

To investigate whether inhibition of virus replication by UV light

altered rhinovirus induction of IL-8 protein release and mRNA
expression, A549 epithelial cells were incubated with UV-inacti-
vated and live rhinovirus type 9 and with medium alone. Super-
natants were harvested at 24 and 120 h and were analyzed for ILFfBGURE 4. Effect of UV inactivation on rhinovirus type 9-induced IL-8

release by ELISA. RNA was harvested at 24 h and was analyzeBrotein release from A549 cells. IL-8 was measured by ELISA in super-
by Northern analysis. natants from A549 epithelial cells cultured with medium alone (control;

filled bars), live rhinovirus type 9 at an MOI of 1 (RV; hatched bars), or

. . . . . UV-inactivated rhinovirus type 9 (UV RV; dotted bars). Supernatants were
4 and 5. UV-inactivated rhinovirus type 9 and control medium harvested for analysis at 24 and 120 h after inoculation. Data are the

resulted in significantly less IL-8 protein release than live virus at can~ SEM of four experiments. Rhinovirus type 9 induced a signifi-

both time points. However, UV-inactivated virus did result in in- canty greater release than UV-inactivated virus or medium alone at both
creased IL-8 release compared with that using medium alone, withme points measuredp(< 0.01), and UV-inactivated virus induced a

IL-8 levels being approximately half those of live rhinovirus type significantly greater release than medium alone at both time points
9 (Fig. 4). (p < 0.01).

Time (hrs)

IL-8 protein release and mRNA induction are shown in Figures
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Northern
Analysis - 1.8 Kb 1 2 3

Ethidium

Bromide 288 ' :_ :

Con RV UV il
RV < 69kDa
FIGURE 5. Effect of UV inactivation on rhinovirus type 9-induced IL-8 e gl
mRNA expression in A549 cells. Northern blot analysis of IL-8 mMRNA

(1.8 kb) in A549 epithelial cells cultured with medium alone (Con), live i ?‘Eﬁ’ < 46kDa
rhinovirus type 9 at an MOI of 1 (RV), or UV-inactivated rhinovirus type — — —

9 (UV RV). RNA was harvested for analysis at 24 h. As observed previ-

ously (Fig. 3), rhinovirus induced increased expression of IL-8 mMRNA in

A549 cells that was clearly visible at 24 h after inoculation. This rhinovi-

rus-induced up-regulation was reduced appreciabyQ%), but not com- < 30kDa
pletely, by UV inactivation of rhinovirus replication. :

These results raised the possibility that some of the IL-8 release

and mRNA production were occurring independently of viral rep- T S
lication, possibly as a result of virus-receptor interactions or of

stimulation of the epithelial cells by factors other than virus in the Con RV RV
inoculum. To investigate these possibilities, A549 cells were in- 2h 24h

cubated with sICAM-inactivated and live rhinovirus type 9 and

with medium alone. Supernatants were harvested at 24 and 120MGURE 7. Immunoprecipitation of newly synthesized rhinovirus type
and were analyzed for IL-8 release by ELISA. There was no sig2 proteins from A549 epithelial cells. Newly synthesizé&tg-labeled rhi-
nificant induction of IL-8 release by sICAM-inactivated rhinovirus NoVirus type 9 proteins were produced during a J&m¢ 2) and a 24-h

compared with control medium (Fig. 6), while live rhinovirus re- (lane 3) incubation with f°S]methionine in methionine-free medium, con-

. A . . ducted 6 h after inoculation of Ohio HelLa cells with control mediutane
sulted in significantly increased IL-8 release as previously . L L .
observed 1) or live rhinovirus type 9 lanes 2and3). Following immunoprecipita-

tion with specific polyclonal antiserum, labeled proteins were run on an
SDS-page gel. The gel was then dried and autoradiographed. In contrast to
Hela cells (Fig. 4Jane 2), no newly synthesized virus proteins are seen in
The results reported above suggested that at least part of the imither inlane 2(2-h incubation) or inane 3(24-h incubation).

duction of IL-8 protein and mMRNA may result from rhinovirus
replication in A549 cells. However, the ability of rhinoviruses to

Rhinovirus infection of A549 cells

replicate in lower respiratory epithelium is controversial. To in-
vestigate the capacity of rhinovirus type 9 to replicate in the pul-
monary epithelial cell line A549, we conducted studies to inves-
tigate new viral protein production, release of viral RNA into cell
supernatants, intracellular localization of viral RNA, and release of
functional viral replicative units into the supernatant.

354
. Control

304 B rv

B RvsicAMm

254 . . . .
Production of new rhinovirus proteins

20 The production of newly synthesized viral proteins following rhi-
novirus inoculation onto A549 cells was investigated by immuno-
precipitation of**S-labeled newly synthesized viral proteins. Im-
munoprecipitation after incubation of rhinovirus type 9 with Ohio
HelLa cells in the presence 87S-labeled methionine f@ h (be-
tween 6—8 h after infection; Fig. &ane 2) produced strong bands

for several newly synthesized viral proteins. Similar new protein
synthesis was also observed with 24-h incubation with Ohio HeLa
24 120 cells (between 6-30 h after infection) (31). In contrast, when rhi-
novirus type 9 was incubated with A549 cells under exactly the
same conditions there was no detectable new viral protein synthe-
FIGURE 6. Effect of SICAM inactivation on rhinovirus type 9-induced sjs after either the 2-h (Fig. Tane 2) or the 24-h (Fig. 7lane 3

IL-8 protein release from A549 cells. IL-8 was measured by ELISA in jncybations. We concluded that immunoprecipitation was not sen-
supernatants from A549 epithelial cells cultured with medium alone (Con'sitive enough to detect new viral proteins under the conditions
trol; filled l:_Jars),' live rhin_ovirl_Js type 9 atan MOI of 1 (RV; hatched bars), described, and therefore we investigated viral protein production
or sICAM-inactivated rhinovirus type 9 (sICAM RV; dotted bars). Super- ’ . . 9 . P ; P .
natants were harvested for analysis at 24 and 120 h. Data are theZmean by Western anegSIS. Once again In(.:rea'sed rhinovirus pljoteln syn-
SEM of three experiments. Rhinovirus type 9 induced a significantlythes‘IS was easily detected when rhinovirus type 9 was inoculated
greater release compared with control and sICAM-inactivated virus at bot/PNto Ohio HeLa cells for 24 h, but no increase in viral proteins was
time points measuredo(< 0.01). There was no significant difference be- observed with rhinovirus type 9 inoculation onto A549 cells for the
tween control and sICAM-inactivated virus at either time poimt NS). same time period (data not shown).

IL-8 (ng/ml)

Time (hrs)
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h RV +ve RV -ve Detection of intracellular rhinovirus replication by in situ

hybridization
strand strand Y
To ensure that the observed increases in viral RNA in the super-

natants from A549 cells were not a result of either virus adsorption

C onto the cell surface followed by release of viral uncoated RNA
after washing of the cells or of inefficient washing leading to per-
0 sistence of viral RNA from the inoculum without active intracel-

= lular replication, we investigated intracellular rhinovirus replica-
tion using in situ hybridization.
6 a “ A549 cells were cultured and inoculated with rhinovirus. Cells
' were then harvested at 0, 6, and 24 h; resuspended in plasma clots;
fixed; and embedded in paraffin wax blocks. Sections were then
24 m — examined by in situ hybridization for the genomie\(e) strand of
rhinovirus RNA. As shown in Figure 9, there was no detectable
signal in control noninfected cells or in cells harvested immedi-
c 2 ately after inoculation and washing. At 6 and 24 h after inocula-
tion, increases in intracellular rhinoviral RNA expression were

clearly seen, demonstrating that new virus genomic RNA was be-

48 ==

72 — e ing produced inside the cells.
et
D

- Production of functional rhinovirus replicative units

96

Finally, we investigated the ability of A549 cells to assemble
functional viral replicative units and to release them into the
120 cell supernatant. Rhinovirus type 9 was inoculated onto A549
FIGURE 8. Detection of rhinovirus genomic+ve) and replicative ~ Cells and adsorbed for 30 min. Following washing to remove
(—ve) strand RNAs by RT-PCR in supernatants from A549 pulmonaryunattached virus, fresh medium was added. Supernatants were
epithelial cells. Rhinovirus type 9 was inoculated at an MOI of 1 onto A549 harvested at 6, 24, 48, 72, 96, and 120 h. The production of
cells and adsorbed for 30 min. Cells were washed three times, and fresfynctional viral replicative units was assessed by microtiter

medium was added. Supernatants were harvested before inoculation (Cﬁlate titration assays of cell supernatants as described above.
immediately after washing (time zero), and at 6, 24, 48, 72, 96, and 120 h

after washing. RT-PCR and probe hybridization for genomiwe) and Iden_tlflcatlon of the I.nfef:tlous. unlt.s as. rhinovirus type_Q was
replicative (-ve) strands was conducted. A representative radiograph from‘?onﬁrmed by neutral!zatlop W'th rhinovirus type 9-§peC|f|c an-
four experiments is shown. A very weak signal for genomiwg) strand  tiserum (ATCC). No infective virus was detectable in superna-
RNA can be seen immediately after washing (time zero), followed by atants from cells &6 h after inoculation. Peak titers were ob-

major increase in signal at 6 h. Thereafter, genomic RNA is still detectableserved in A549 cell supernatants at 24 h after inoculation (Fig.

up to and including 120 h after washing. For the replicativeq) strand,  10); viral replication was just detectable in the supernatants at
there is no signal immediately after washing, but again a strong increase iﬂS h postviral inoculation, but not thereafter.

signal at 6 h, followed by a decline until signal, are undetectable 120 h after '

washing.

Viability of rhinovirus-infected A549 cells

To determine whether rhinovirus replication in A549 cells had any

_ . ) ) o cytotoxic or cytopathologic effect, A549 cell cultures were in-
As the protein detection techniques of immunoprecipitation andected with rhinovirus and observed for the development of CPE.
Western analysis were unable to detect rhinovirus replication il\s4g cel| cultures were observed up to 120 h postviral inoculation,
A549 cells, we elected to use more sensitive methods and iNvVess 4 at no stage was any rhinovirus-related CPE detected. Mono-
tigated the release of rhinovirus RNA into the supematants Oflayers were also stained with crystal violet, and no disruption of

A549 cells Wlth RT-PCR assays for the genomic and repllcatlvethe cell layer was observed at any time point.
strands of rhinovirus RNA.

) . L In addition, the effects of viral infection on cell viability were
A549 cells were inoculated with rhinovirus; after attachment, examined by trvpan blue exclusion. Rhinovirus tvpe 9 was inoc-
cells were washed three times and fresh medium was added. St y typ ‘ yp

pernatants were harvested at various time points, and genomic ar%ated onto A549 cells and gdsorbed for 30, min. Following wash-
replicative strand RT-PCRs were conducted. There was no detecf?? to remove unattached virus, fresh medium yvas added. Super-
able replicative £ ve) strand RNA immediately following addition nata_mts and attached cells were harvested from infected and c_ontrol
of fresh medium after washing (time zero, Fig. 8); there was thernoninfected cells at 24, 48, 72, 96, and 120 h. Detached cells in the
a marked increase in replicative strand RNi6ah after inocula- ~ Supernatant were 100% trypan blue positive, and numbers were
tion, followed by a gradual decline, until 96 h, after which no counted to assess shedding of nonviable cells by the monolayer. At
replicative strand RNA was detected. The results for the genomi®0 time point was there any difference between infected and non-
(+ve) strand were similar; however, there was a weak signainfected supernatants (Table ). Attached cells on the plates were
present at time zero, presumably from the inoculated virus, agaifrypsinized and counted, and trypan blue exclusion was determined
there was a marked increase in viral RNA at 6 h, followed by ato assess viability. At no time point was there any difference in cell
gradual decline to 120 h, when only a weak signal was still de-viability between the infected and noninfected attached cells
tectable (Fig. 8). (Table I).

Production of rhinovirus RNA
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FIGURE 9. Detection of intracellular rhinovirus replication in A549 cells by in situ hybridization. Rhinovirus type 9 was inoculated at an MOI of 1 onto
A549 cells and adsorbed for 30 min. Cells were washed three times, and fresh medium was added. Cells were harvested before uppearlfopgnel

and immediately {pper right pane), at 6 h (ower left pane), and at 24 hlpwer right pane) after washing. Cells were fixed, suspended in plasma, and
paraffin embedded before in situ hybridization for genorig€) strand RNA was conducted. A positive signal for rhinovirus RNA is indicated by a black
coloration of the cells. No rhinovirus RNA is detectable in the cells of either control cells or cells immediately after inoculation and vuggiende(t
andright panels respectively). Active intracellular rhinovirus replication is indicated by clear strong signals for rhinovirus RNAhaé botower left

panel) and 24 h [ower right pane) after rhinovirus inoculation and washing. Magnificatior400.

Discussion novirus type 9 induces a prolonged time- and dose-dependent

. L . increase in IL-8 protein release from the pulmonary epithelial cell
These studies demonsirate that rhinovirus type 9 can infect thﬁne. This release of IL-8 is associated with an induction of IL-8

transformed pulmonary epithelial cell line A549, but that the in- - ) .

fection is noncytopathic and low grade and appears to abort sponmRNA' j’he mductlorjs of both IL-8 protgln relegse.and m.RNA

taneously 24 h after virus inoculation. They further show that rhi-EXPression were partially dependent on viral replication, being re-
duced by approximately 50% when virus replication was inhibited

by UV inactivation. However, prevention of rhinovirus-receptor

120 1 binding completely suppressed rhinovirus induction of IL-8 pro-
tein release.

100 4 There are several previous reports demonstrating that epithelial
cell lines release IL-6, IL-8, IL-11, and GM-CSF following respi-

80 ratory syncytial virus infection (32-35). Choi and Jacoby found

increased IL-8 gene expression in human tracheal cells exposed to
influenza virus (36). The role of rhinoviruses in promoting lower
airway proinflammatory responses has received less attention until
recent years, as rhinoviruses were until then thought to be princi-
pally limited to upper respiratory tract infections and the common
cold. The recent data implicating rhinovirus infections in the ma-
jority of asthma exacerbations in both adults and children (1-3)
has stimulated renewed interest in this virus type and its ability to
6 24 48 72 infect the lower respiratory tract and provoke airway inflammation.
Time after viral inoculation (hrs) In this regard, rhinovirus induction of cytokine protein and mRNA
FIGURE 10. Production of rhinovirus type 9 infectious units from from the A549 pulmonary epithelial cell line has recently been
A549 pulmonary epithelial cells. Rhinovirus type 9 was inoculated at andemonstrated for IL-6 (10) and IL-11 (13); however, these studies
MOI of 1 onto A549 cells and adsorbed for 30 min. Cells were washeddid not examine the relationship between cytokine release and the
three times, and fresh medium was added. Supernatants were harvestedygility of rhinoviruses to infect this cell line.
6, 24, 48, a”d_ 72 h, and virus ti_ter was measgred_by microtiter_plate assay. The majority of other respiratory viruses (adenovirus, influenza
The cytopathic effect was confirmed to be rhinovirus type 9 with specmcvirusl respiratory syncytial virus, parainfluenza virus, and CMV)

antiserum. Data are the mean SEM of three experiments. No virus in- infect the | irat tract. H id that thi
fectious units were detectablé & h after inoculation and washing; how- can intect the lower respiratory tract. However, evidence that this

ever, by 24 h, there was clear production of replicative virus, with a peak2Ccurs with rhinovirgses is not gonclusive. In vivo s_tudies provide
titer of 64 TCIDy,. By 48 h, replicative virus was almost undetectable, and SOme support for this hypothesis, in that small particle aerosols of
by 72 h, no infectious units were detected. rhinovirus have been shown to produce tracheobronchitis (37).

TCID50/mI

40

20
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Table I. Effect of infection with rhinovirus type 9 on cell viability of A549 pulmonary epithelial gells

Attached Cells

Cells in Supernatant (percentage of nonviable
(all nonviable cells) cells by trypan
(number ¢ 10°/ml) blue exclusion)
mean+ SEM)° (percentage mean SEMY°
Time p p
(h) C RV (control vs RV) C RV (control vs RV)
24 2.0+ 0.3 1.6+ 0.2 NS 0.8 0.5 1.0£04 NS
48 2.0x£05 1.8+0.2 NS 1.2+0.1 1.3+=0.2 NS
72 4.0 1.0 3.8 0.7 NS 1.2+ 0.3 1.1+ 0.3 NS
96 48+0.4 43+ 1.3 NS 1304 0.8+ 0.3 NS
120 7.3 0.7 7.2t 0.6 NS 1.2+ 0.1 1.3+ 0.2 NS

2C, control; RV, rhinovirus type 9; NS, not significant.
bMean+ SEM of three experiments.

Cultures of sputum from children with wheezy bronchitis were that with live virus; Figs. 4 and 5) suggest that rhinovirus binding
more often positive for rhinovirus than were nasal swabs taken ato its cell surface receptor, ICAM-1, may be responsible in part for
the same time (38). In experimental infection studies, rhinoviruseshe increased IL-8 protein and mRNA. An alternative explanation
have been cultured from bronchial lavage fluid (39), and morewould be that the virus stocks contained other active compounds,
recently rhinovirus has been demonstrated by RT-PCR in cellsuch as other cytokines. However, assays sensitiveSgg for
recovered from bronchial lavage (16). However, in both thesaikely candidates, including IL-1 and TNF, were negative (data not
studies the possibility of contamination from the upper airway dur-shown). Furthermore, the fact that induction of IL-8 protein release
ing the nasal introduction of the bronchoscope could not be exwas completely suppressed by preventing virus-receptor binding
cluded. Finally, rhinoviruses are associated with a variety of severgy precoating the virus with SICAM suggests that the inoculum
lower respiratory tract diseases, such as bronchiolitis and pneum@self contained no other stimulatory substances that were able to
nia (40—42), and have been isolated from lower respiratory postmduced IL-8 protein release or MRNA expression under these con-
mortem specimens in a few case reports (15). ditions. The possibility that cross-linking of ICAM-1 by rhinovirus
There is also some in vitro evidence to suggest that rhinovirusegecurs is made likely by the fact that each virus particle has 60
are capable of replicating in lower respiratory epithelium. Subaustgeceptor binding sites (43). Further it has been demonstrated that
et al. studied the transformed bronchial epithelial cell line orosq finking of ICAM-1 by Ab leads to both intracellular signal-
BEAS-2B and used virus titrations in supernatants and lysates %g (44) and cytokine release (45). We therefore believe that the
cell pellets, and RT-PCR on RNA extracted from the cell pellets to,,s_receptor interaction is the most likely explanation for the

?emgnsft_ratezinhlncfrtease_ in t_he rhllno_kus g(]jerlomﬂveo str_and_ induction of IL-8 mMRNA and protein release observed with UV-
or t_ e first after virus inocu ation an INCreases In VIruS; - ctivated virus, while the difference in IL-8 protein release and
titrations up to 72 h postinoculation (23). Interestingly, the infec-

i f BEAS 2B cell Ivti dih fect MRNA induction observed between UV-inactivated and live virus
chIT \c/)iability cells was noncytolytic, and there was no effec ONis probably due to viral replication within the pulmonary epithelial
’ cell line.

In this study, we have demonstrated that rhinovirus type 9 is also ) Lo )
A T . The observations of rhinovirus-induced IL-8 protein release and
capable of initiating productive infection of the transformed pul- . S .
o : . MRNA expression from a pulmonary epithelial cell line probably
monary epithelial cell line, A549. This was demonstrated by the NG .
have relevance to human rhinovirus infections, as we have found

finding of the release of replicative-¢e) strand RNA into A549 . d levels of IL-8 i | irates duri ild-t
cell supernatants, the demonstration of intracellular replication b)l/ncrease evels of IL-c In hasal aspirales during wild-type upper

in situ hybridization, and the release of functional viral replicative re;plrgtory VIrus mfectlons_,, the majority 9f which were du_e to_
units into the supernatant. However, the infection was low grade/Ninoviruses (14). We studied nasal secretions obtained during vi-
with virus being detectable only in neat supernatants in microtitef US-induced exacerbations of asthma in school age children and
plate assays, and the maximal titer observed at 24 h postinocul{2und increased levels of neutrophil myeloperoxidase and IL-8 in
tion was 64 TCIR/ml (Fig. 10). Similar to the BEAS 2B cells the presence of rhinoviral infection. Interestingly, there were cor-
(23), no CPE on the A549 cells was observed at any time pointelations between the levels of IL-8 and neutrophil .myeloperoxi-
there was also no effect on cell viability (Table 1). However, in dase and between myeloperoxidase and the severity of upper re-
contrast to the BEAS 2B cells, in which viral replication appearedSPiratory symptoms, suggesting that IL-8 may play an important
to continue up to the final time point examined (72 h), infection of ole in neutrophil chemoattraction and activation in rhinovirus in-
A549 cells was terminated spontaneously around 24 h. Despitéctions (14). These observations are supported by an experimental
this, IL-8 protein release was noted to increase up to 120 h aftefhinovirus infection study in asthmatic subjects, in whom in-
virus inoculation (Fig. B), while IL-8 mRNA expression tended creased levels of nasal IL-8 were observed after rhinovirus infec-
to follow the pattern of infection more closely, peaking early be- tion (12). This study was also of particular interest, as the research-
tween 3 and 24 h (Fig. 2) and returning to control levels by 96 hers found correlations between the levels of nasal IL-8 and the
(data not shown). This prolonged release of IL-8 may be a resultncreases in bronchial hyper-reactivity induced by rhinovirus in-
of changes in cellular function resulting in IL-8 protein release thatfection, again suggesting that IL-8 may play an important role in
persist for some time even after the infection itself has resolvedthe pathogenesis of rhinovirus-induced asthma exacerbations. The
The observations that both UV-inactivated and live rhinovirusfindings of the present study and those reported by Subauste et al.
are able to trigger IL-8 protein release and mRNA expression (al{23) suggest that rhinovirus-induced release of IL-8 from lower
though the induction with UV-inactivated virus was about 50% airway epithelium may be an important source of this chemokine.
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Eosinphil infiltration is an important feature of asthma (18), and
there is increasing evidence that eosinophil recruitment and acti-
vation are also important in virus-induced asthma exacerbations.
We have found increased levels of eosinophil major basic protein
in nasal aspirates taken from children with rhinovirus-induced
asthma exacerbations (L. M. Teran, M. C. Seminario, G. J. Gleich,
and S. L. Johnston, unpublished observations). Calhoun et al. dem-
onstrated increased allergen-induced bronchial lavage eosinoprllig
numbers in atopic rhinitic subjects, compared with those in normal
subjects, in the presence of rhinovirus experimental infections

(19). We also investigated the lower airway cellular response td*

rhinovirus infection using experimentally induced rhinovirus in-

fections in normal and asthmatic subjects. Both normal and asthts.

matic subjects had increased numbers of eosinophils in the bron-
chial mucosa at 4 days after rhinovirus infection. However, in the
asthmatic subjects, the eosinophil infiltrate was still present when

the subjects were rebiopsied 6 to 8 wk later, while in normal sub-1"-

jects, eosinophil numbers had returned to baseline levels (17).

Given the possible role of IL-8 in eosinophil recruitment and ac-18.

tivation (21, 22), and the fact that its role in this respect may be

up-regulated in asthma (46), it is possible that this chemokingg

plays an important role in the recruitment and activation of both
eosinophils and neutrophils in the context of rhinovirus-induced20
asthma exacerbations.

A prominent feature of both normal and asthmatic subjects ire1.

the experimental rhinovirus infection study was the increased
numbers of CD3, CD4", and CD8 lymphocytes in the bron-
chial mucosa at 4 days after rhinovirus infection (17). IL-8 is also

a lymphocyte chemoattractant (47); it is therefore possible tha#3:

rhinovirus-induced IL-8 secretion from pulmonary epithelium
plays a role in the recruitment and activation of several cell types

involved in the pathogenesis of virus-induced asthma. HoweverZ4.

further definition of the role of this chemokine in virus-induced

asthma exacerbations will come from clinical studies making as2s.

sessments of the inter-relationships between IL-8 levels and the
severity of clinical illness and of viral infection in normal and
asthmatic subjects (48).

References

1. Johnston, S. L., P. K. Pattemore, G. Sanderson, S. Smith, F. Lampe, L. Josephs,
P. Symington, S. O'Toole, S. H. Myint, D. A. J. Tyrrell, and S. T. Holgate. 1995.

Community study of role of virus infections in exacerbations of asthma in 9-1128.

year old childrenBr. Med. J. 310:1225.
2. Nicholson, K. G., J. Kent, and D. C. Ireland. 1993. Respiratory viruses and
exacerbations of asthma in adulBr. Med. J. 307:982.

3. Johnston, S. L., P. K. Pattemore, G. Sanderson, S. Smith, M. J. Campbell,

L. K. Josephs, A. Cunningham, B. S. Robinson, S. H. Myint, M. J. Ward, 30.

D. A. J. Tyrrell, and S. T. Holgate. 1995. The association of upper respiratory
infections with hospital admissions for asthma in adults and children: a time trend
analysis.Am. J. Respir. Crit. Care Med. 154:654.

4. Bardin, P. G., S. L. Johnston, G. Sanderson, B. S. Robinson, M. A. Pickett,
D. J. Fraenkel, and S. T. Holgate. Detection of rhinovirus infection of the nasal
mucosa by oligonucleotide in-situ hybridisatiohm. J. Respir. Cell Mol. Biol.
10:207.

5. Naclerio, R. M., D. Proud, L. M. Lichtenstein, A. Kagey-Sobotka, J. O. Hendley,
J. Sorrentino, and J. M. Gwaltney. 1987. Kinins are generated during experimen-
tal rhinoviral colds.J. Infect. Dis. 157:133.

6. lgarashi, Y., D. P. Skoner, W. J. Doyle, M. V. White, P. Fireman, and
M. A. Kaliner. 1993. Analysis of nasal secretions during experimental rhinovirus
upper respiratory infections. Allergy Clin. Immunol. 92:722.

7. Fraenkel, D. J., P. G. Bardin, G. Sanderson, F. Lampe, S. L. Johnston, and
S. T. Holgate. 1994. Immunohistochemical analysis of nasal biopsies during rhi-
novirus experimental cold#m. J. Respir. Crit. Care Med. 150:1130.

8. Levandowski, R. A., C. W. Weaver, and G. G. Jackson. 1988. Nasal-secretion
leukocyte populations determined by flow cytometry during acute rhinovirus in-
fection.J. Med. Virol. 25:423.

9. Heymann, P. W., G. P. Rakes, A. D. Hogan, J. M. Ingram, G. E. Hoover, and

T. A. E. Platts-Mills. 1995. Assessment of eosinophils viruses and IgE antibody

in wheezing infants and childreint. Arch. Allergy Immunol. 107:380.

Zhu, Z., W. Tang, A. Ray, Y. Wu, O. Einarsson, M. L. Landry, J. Gwaltney, Jr.,

and J. A. Elias. 1996. Rhinovirus stimulation of interleukin-6 in vivo and in vitro:

10.

22.

26.

27.

29.

31.

32.

33.

34.

35.

36.

37.

RHINOVIRUS INFECTION AND IL-8 INDUCTION IN PULMONARY EPITHELIUM

evidence for nuclear factatB-dependent transcriptional activatiah.Clin. In-
vest. 97:421.

11. Proud, D., J. M. Gwaltney, Jr., J. O. Hendley, C. A. Dinarello, S. Gillis, and

R. P. Schleimer. 1994. Increased levels of interleukin-1 are detected in nasal
secretions of volunteers during experimental rhinovirus cddmfect. Dis. 169:
1007.

12. Grunberg, K., M. C. Timmers, H. H. Smits, E. P. A. de Klerk, E. C. Dick,

W. J. M. Spaan, P. S. Hiemstra, and P. J. Sterk. 1997. Effect of experimental
rhinovirus 16 on airway hyperresponsiveness to histamine and interleukin-8 in
nasal lavage in asthmatic subjects in vi@in. Exp. Allergy 27:36.

. Einarsson, O., G. P. Geba, Z. Zhu, M. Landry, and J. A. Elias. 1996. Interleukin-

11: stimulation in vivo and in vitro by respiratory viruses and induction of air-
ways hyperresponsivenesk.Clin. Invest. 97:915.

Teran, L. M., S. L. Johnston, J. M. Schroder, M. K. Church, and S. T. Holgate.
1997. Role of nasal interleukin-8 in neutrophil recruitment and activation in chil-
dren with virus induced asthmam. J. Respir. Crit. Care Med. 155:1362.

Bardin, P. G., S. L. Johnston, and P. K. Pattemore. 1992. Viruses as precipitants
of asthma symptoms. 1. Physiology and mechanisgiis.. Exp. Allergy 22:809.

qG. Gern, J. E., D. M. Galagan, N. N. Jarjour, E. C. Dick, and W. W. Busse. 1997.

Detection of rhinovirus RNA in lower airways cells during experimentally in-
duced infectionAm. J. Respir. Crit. Care Med. 155:1159.

Fraenkel, D. J., P. G. Bardin, G. Sanderson, F. Lampe, S. L. Johnston, and
S. T. Holgate. 1995. Lower airways inflammatory response during rhinovirus
colds in normal and asthmatic subjecdn. J. Respir. Crit. Care Med. 151:879.
Bousquet, J., P. Chanez, J. Y. Lacoste, G. Barneon, N. Ghavanian, |. Enander,
P. Venge, S. Ahlstedt, J. Simony-Lafontaine, and P. Godard. 1990. Eosinophilic
inflammation in asthma\. Engl. J. Med. 323:1033.

Calhoun, W. J., E. C. Dick, L. B. Schwartz, and W. W. Busse. 1994. A common
cold virus, rhinovirus 16, potentiates airway inflammation after segmental antigen
bronchoprovocation in allergic subjects.Clin. Invest. 94:2200.

. Teran, L. M., and D. E. Davies. 1996. The chemokines: their potential role in

allergic inflammationClin. Exp. Allergy 26:1005.

Noah, T. L., F. W. Henderson, M. M. Henry, D. B. Peden, and R. B. Devlin.
1995. Nasal lavage cytokines in normal, allergic and asthmatic school-age chil-
dren.Am. J. Respir. Crit. Care Med. 152:1290.

Shute, J. K. 1994. Interleukin-8 is a potent eosinophil chemoattra€iamtExp.
Allergy 24:203.

Subauste, M. C., D. B. Jacoby, S. M. Richards, and D. Proud. 1995. Infection of
a human respiratory epithelial cell line with rhinovirus. Induction of cytokine
release and modulation of susceptibility to infection by cytokine exposure.
J. Clin. Invest. 96:549.

Lieber, M., B. Smith, A. Szakal, W. Nelson-Rees, and G. Todaro. 1976. A con-
tinuous-tumor-cell line from a human lung carcinoma with properties of type I
alveolar epithelial cellsInt. J. Cancer 17:62.

Johnston, S. L., and D. A. J. Tyrrell. 1997. Rhinoviruseimgnostic Proce-
dures for Viral, Rickettsial and Chlamydial InfectionsCh. 37.

E. H. Lennette and N. J. Schmidt. eds. American Public Health Association,
Washington, D.C., pp. 32—-80.

Lehrach, D., D. Diamond, J. Wozney, and H. Boedtker. 1977. RNA molecular
weight determinations by gel electrophoresis under denaturing conditions, a crit-
ical reexaminationBiochemistry 16:4743.

Johnston, S. L., G. Sanderson, P. K. Pattemore, S. Smith, P. G. Bardin,
C. B. Bruce, P. R. Lambden, D. A. J. Tyrrell, and S. T. Holgate. 1993. Use of
polymerase chain reaction for diagnosis of picornavirus infection in subjects with
and without respiratory symptomd. Clin. Microbiol. 31:111.

Bates, P. J., G. Sanderson, S. T. Holgate, and S. L. Johnston. 1997. A comparison
of RT-PCR, in-situ hybridisation and in-situ RT-PCR for the detection of rhino-
virus infection in paraffin sectiond. Virol. Methods 67:153.

Skern, T., M. Deuchler, W. Sommergruber, D. Blaas, and E. Keuchler. 1987. The
molecular biology of rhinoviruse8iochem. Soc. Symp. 53:63.

Uncapher, C. R., C. M. De Witt, and R. J. Colonno. 1991. The major and minor
group receptor families contain all but one human rhinovirus serotjpelogy
180:814.

Johnston, S. L., A. Papi, M. M. Monick, and G. W. Hunninghake. 1997. Rhino-
viruses induce interleukin-8 mRNA and protein production in human monocytes.
J. Infect. Dis. 175:323.

Arnold, R., B. Humbert, H. Werchau, and H. Gallati. 1994. Interleukin 8, inter-
leukin 6, and soluble tumour necrosis factor receptor type | release from a human
pulmonary epithelial cell line (A 549) exposed to respiratory syncytial virus.
Immunology 82:126.

Elias, J. A., T. Zheng, O. Einarsson, M. Landry, T. Trow, N. Rebert, and
J. Panuska. 1994. Epithelial interleukin-11: regulation by cytokines, respiratory
syncytial virus, and retinoic acidl. Biol. Chem. 269:22261.

Garofalo, R., J. A. Patel, R. C. Sim, F. C. Schmalstieg, A. S. Goldman, and
P. L. Ogra. 1993. Production of cytokines by virus-infected human respiratory
epithelial cells.J. Allergy Clin. Immunol. 91:177.

Mastronarde, J. G., M. M. Monick, and G. W. Hunninghake. 1995. Oxidant tone
regulates IL-8 production in epithelium infected with respiratory syncytial virus.
Am. J. Respir. Cell Mol. Biol. 13:237.

Choi, A. M. K., and D. B. Jacoby. 1992. Influenza virus A infection induces
interleukin-8 gene expression in human airway epithelial cEEBS Lett. 309:

327.

Cate, T. R, R. B. Couch, W. F. Fleet, W. R. Griffith, P. J. Gerone, and V. Knight.
1965. Production of tracheobronchitis in volunteers with rhinovirus in small par-
ticle aerosolAm. J. Epidemiol. 81:95.



The Journal of Immunology

6181

38. Horn, M. E. C,, S. E. Reed, and P. Taylor. 1979. Role of viruses and bacteria if4. Chirathaworn, C., S. A. Tibbetts, M. A. Chan, and S. H. Benedict. 1995. Cross-

acute wheezy bronchitis in childhood: a study of sputémeh. Dis. Child. 54:
587.

39. Halperin, S. A, P. A. Eggleston, P. Beasley, P. Suratt, O. J. Hendley,
D. H. M. Groschel, and J. M. Gwaltney. 1985. Exacerbations of asthma in adults

during experimental rhinovirus infectioAm. Rev. Respir. Dis. 132:976.
40. Kellner, G., T. Popow-Kraupp, M. Kundi, C. Binder, and C. Kunz. 1989. Clinical

manifestations of respiratory tract infections due to respiratory syncytial virus and

rhinoviruses in hospitalized childreActa Paediatr. Scand. 78:390.
41. Krilov, L., L. Pierik, E. Keller, K. Mahan, D. Watson, M. Hirsch,

V. V. Hamparian, and K. McIntosh. 1986. The association of rhinoviruses with

lower respiratory tract disease in hospitalized patiehtdded. Virol. 19:345.

42. McMillan, J. A., L. B. Weiner, A. M. Higgins, and K. MacKnight. 1993. Rhi-
novirus infection associated with serious illness among pediatric patReds-
atr. Infect. Dis. J. 12:321.

43. Johnston, S. L., P. G. Bardin, and P. K. Pattemore. 1993. Viruses as precipitants
of asthma symptoms. lIl. Rhinoviruses: molecular biology and prospects for fu-48.

ture interventionClin. Exp. Allergy 23:237.

linking of ICAM-1 on T cells induces transient tyrosine phosphorylation and
inactivation of cdc2 kinasel. Immunol. 155:5479.

45. Geissler, D., S. Gaggl, J. Most, R. Greil, M. Herold, and M. A. Dierich. 1990. A

monoclonal antibody directed against the human intercellular adhesion molecule
(ICAM-1) modulates the release of tumour necrosis faetomterferony and
interleukin-1.Eur. J. Immunol. 20:2591.

. Warringa, R. J. A,, H. J. J. Mengelers, J. A. M. Raaijmakers, P. L. B. Bruijnzeel,

and L. Koenderman. 1993. Upregulation of formyl-peptide and interleukin-8 in-
duced eosinophil chemotaxis in patients with allergic asthinallergy Clin.
Immunol. 91:1198.

. Larsen, C. G., A. O. Anderson, E. Appella, J. J. Openheim, and K. Matsushima.

1989. Neutrophil activating protein (NAP-1) is also chemotactic for T lympho-
cytes.Science 243:1463.

Johnston, S. L. 1997. Bronchial hyperresponsiveness and cytokines in virus-in-
duced asthma exacerbatio@in. Exp. Allergy 27:7.



